The propagation of low-frequency whistler modes with wave magnetic field exceeding the ambient field is investigated experimentally. Such nonlinear waves are excited with magnetic loop antennas whose axial field is aligned with the background magnetic field and greatly exceeds its strength. The oscillatory antenna field excites propagating wave packets with field topologies alternating between whistler spheromaks and mirrors. The propagation speed of spheromaks is observed to decrease with amplitude while that of mirrors increases with amplitude. The field distribution varies with amplitude: Spheromaks contract axially while mirrors spread out compared to linear whistlers. Consequently, the peak magnetic field and current densities in spheromaks exceed that of mirrors. Wave-wave interactions of nonlinear whistler modes is also studied. Counterpropagating spheromaks collide inelastically and form a stationary field-reversed configuration. The radius of the toroidal current ring depends on current and can be larger than that of the loop antenna. A tilted field-reversed configuration precesses in the direction of the electron drift. The free magnetic energy is dissipated in the plasma volume and converted into electron heat.
I. INTRODUCTION
Although the propagation of small-amplitude whistler waves is well understood, 1 it is not clear how whistlers with wave magnetic field exceeding the ambient field can propagate. Even in the simplest approximation of ideal electron magnetohydrodynamics ͑EMHD͒, the solution of the nonlinear differential equation describing field convection, i.e., ‫ץ‬B / ‫ץ‬t = ٌ ϫ ͑v ϫ B͒, where v =−J / ne =−ٌ ϫ B / ͑ne 0 ͒, is not trivial. Furthermore, the underlying Hall Ohm's law, E + v ϫ B = 0 breaks down in magnetic null points which the wave can produce. In the absence of a guide magnetic field, some theoretical solutions have been found for EMHD vortices. 2, 3 Nevertheless, such nonlinear whistler modes do exist as recently proven in a laboratory experiment. 4 In a companion paper, 5 the experimental setup has been described as well as the field topology of whistler spheromaks, mirrors, and fieldreversed configurations ͑FRCs͒. The present paper focuses on the nonlinear wave propagation of such wave packets. It will be shown that these magnetic structures propagate at a speed that depends on field direction and strength, nonlinearly deform by tilting and precessing, and decay faster than by collisional damping. In contrast to envelope solitons 6, 7 caused by density modifications, the present nonlinearity is due strictly to magnetic fields and so strong as to change the field within one half-cycle of the waveform.
Furthermore, we show how two nonlinear whistlers interact in wave-wave collisions. In contrast to the collision of linear whistler vortices, 8 nonlinear whistler spheromaks collide inelastically. Two spheromaks of opposite helicity merge into a stationary FRC that dissipates its free magnetic energy by local electron heating, the topic of another companion paper. 9 This heating produces non-Maxwellian electron distributions. These give rise to secondary whistler waves emerging from whistler spheromaks that are described in a separate companion paper. 10 Large amplitude whistler modes are not only of intrinsic interest in nonlinear wave physics but are also relevant to the understanding of strong turbulence and heating. This is thought to occur in plasmas with weak mean magnetic fields; for example, magnetic reconnection geometries, 11, 12 laserproduced plasmas, 2 and certain space plasmas. [13] [14] [15] Since the experimental setup has been described elsewhere, 5 the present paper starts with the observations of wave propagation, followed by wave-wave collisions. Major findings will be summarized and compared with related phenomena.
II. EXPERIMENTAL RESULTS

A. Nonlinear propagation: Spheromaks versus mirrors
When a strong oscillatory current is applied to a magnetic loop antenna in a magnetoplasma, the magnetic fields inside the plasma propagate differently than those due to small currents. In order to summarize the nonlinear propagation, it is best to plot the wave magnetic energy density versus axial position and time, i.e., u m = B wave 2 ͑z , t͒ / ͑2 0 ͒, where B wave is due to currents only in the plasma but not in the coils. The slope of the crest in the energy density contours, which peaks on axis ͑x = y =0͒ yields a measure for the axial wave propagation speed; i.e., v z = ‫ץ‬z / ‫ץ‬t. Figure 1 shows a contour plot of the wave energy density in the z -t plane for three cases: in plasma for ͑a͒ small and ͑b͒ large antenna currents, and ͑c͒ in vacuum.
In vacuum, the magnetic energy displayed is created by currents in the coil ͑20 cm diam, four turns͒. The contours show no visible delay since the fields expand at the speed of light. The maximum stays at z = 0. The measured fields are in the "near zone" of the antenna; i.e., z 0 = c / f Ӎ 1.2 km. The peak energy density gradually decreases in time since the antenna current has a damped oscillatory waveform. The pattern is independent of amplitude.
For a relatively small antenna current ͓Fig. 1͑a͒, I max Ӎ 14 A͔, the contours of the wave energy density u m show a finite slope along the contour crest. Typical propagation speeds are v z Ӎ 25 cm/ s, which is smaller than the electron thermal velocity v e,th Ӎ 100 cm/ s at kT e = 3 eV. As expected for a linear wave, the propagation velocity or inverse slope is essentially independent of amplitude and polarity.
For a large antenna current ͓Fig. 1͑b͒, I max Ӎ 120 A͔, the propagation speed depends strongly on field polarity and wave intensity. The first oscillation ͑t Յ 2 s͒ is a whistler mirror, which propagates faster than a linear whistler wave; i.e., v z Ӎ 36 cm/ s. The second response is a whistler spheromak, which propagates slower than a linear whistler wave, i.e., v z Ӎ 12 cm/ s, but has a much larger wave energy density than the third response, another fast whistler mirror; i.e., v z Ӎ 36 cm/ s. As the oscillatory current decays in time, the wave energy decreases and the different polarities approach the same propagation speed as in Fig. 1͑a͒ . The contour values are identical in Figs. 1͑b͒ and 1͑c͒. Comparable peak energy densities imply that the plasma current and coil current in ampere-turns are comparably large ͑I plasma Ӎ 480 A͒. These results are summarized in Fig. 2 , which shows the propagation speed for whistler mirrors and spheromaks at different antenna currents or peak applied magnetic fields; i.e., B͑0,0,0͒ = 0 NI coil / d coil , where N =4 turns and d coil = 20 cm.
The observation that whistler mirrors propagate faster and whistler spheromaks propagate slower than linear whistler modes is qualitatively expected from the properties of linear whistlers. The whistler group and phase velocities scale as the square root of the ambient magnetic field. The mirror enhances the net magnetic field; hence, it propagates faster. The reverse holds true for the spheromak. However, this simple picture may only be globally correct since it would predict that a whistler spheromak should stagnate at its null point, yet the observation shows that the null point travels together with the wave. 
B. Nonlinear width and amplitude: Spheromaks versus mirrors
As remarked in the companion paper ͑Part I 5 ͒, the fields of a whistler mirror are axially spread out while those of a whistler spheromak are axially compressed compared to linear waves. Alternatively, the spheromak current flows in a ring centered at the toroidal null line while the mirror has an elongated toroidal Hall current layer. To quantify this observation, the axial width ͑full width at half-maximum energy density͒ of mirror and spheromak fields has been plotted versus peak wave magnetic field in Fig. 3͑a͒ . The result clearly shows a wave contraction for spheromaks and a wave spread for mirrors.
The spheromak contraction with increasing amplitude is not a nonlinear propagation phenomenon but originates in the formation process. As explained in Fig. 6 of Part I, the spheromak begins to form when the antenna current reverses sign, and ends when two new null points emerge under the coil. This time interval depends on the reconnection rate to transfer the flux from the original FRC to the two spheromaks. The driven reconnection rate depends mainly on the toroidal inductive electric field ͑ϰdI coil / dt͒ and varies with I coil or applied frequency ͑ coil ϰ d / dt͒ subject to two constraints: ͑i͒ increasing the frequency is limited by the voltage rating of the switching transistor ͑1200 V͒ and ͑ii͒ decreasing the frequency weakens the spheromak. The latter can be compensated by increasing the current, which is limited by the transistor rating ͑300 A͒. Spheromaks have been produced by varying the frequency over an order of magnitude ͑20-250 kHz͒. However, their duration does not vary proportional to the rf period, and remains in the range of a few microseconds.
Returning to the scaling with antenna field or coil current the contraction of the spheromak size implies an increase in the wave magnetic field strength. As already visible in Fig. 1͑c͒ , the wave intensity is much larger for spheromaks than for mirrors at essentially the same applied antenna field. The detailed dependence of wave field on applied field is displayed in Fig. 3͑b͒ . It is obvious that the wave magnetic field of the whistler spheromak is at least twice as large as for a whistler mirror for the same antenna current. However, since the electron current density is limited, such fields eventually saturate as the antenna current is increased.
A vivid demonstration of the difference of whistler spheromaks and mirrors excited by identical antenna currents ͑0, y , z͒ / 2 0 for ͑a͒ whistler spheromaks and ͑b͒ whistler mirrors excited by the same antenna current except for its sign ͑see inset͒.
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Nonlinear electron magnetohydrodynamics physics. II.… Phys. Plasmas 15, 042308 ͑2008͒ is shown in Fig. 4 . Here the wave magnetic energy density is shown in a three-dimensional ͑3-D͒ plot in the y -z plane; i.e., B wave 2 ͑0, y , z͒ / 2 0 . It is obvious that whistler spheromaks ͓Fig. 4͑a͔͒ have much larger wave intensities than mirrors ͓Fig. 4͑b͔͒. A consequence of this nonlinearity is that a monochromatic antenna current produces a highly distorted waveform in the plasma currents/fields. When Fourier analyzed, the internal fields contain dc components and harmonics of the applied rf field, as has been pointed out earlier 16 and reconfirmed recently. 
C. Nonlinear wave damping
For nonlinear whistler modes, both propagation and damping depend on wave amplitude and topology. A fundamental difference arises when the wave is strong enough to form a closed magnetic null line. Figure 5 shows a comparison of field lines and current density between a small and large amplitude wave packet under otherwise identical conditions. In the linear regime ͓Fig. 5͑a͔͒, the current is a crossfield toroidal Hall current distributed over / 2.
When the antenna current is increased by an order of magnitude ͓Fig. 5͑b͔͒, the field topology changes to that of a whistler spheromak whose current flows predominantly in the toroidal null line. Now the toroidal current is not driven by a radial space charge electric field but by an inductive toroidal electric field, associated with a poloidal flux change. Parallel current and electric field lead to dissipation E · J of the free wave magnetic energy, resulting in acceleration of electrons, as shown in Part III. 9 It is also worth noting that the peak current density increases disproportionally compared to the coil current increase, leading to enhanced dissipation effects.
The difference in wave damping between linear and nonlinear whistler modes is readily observable in time-of-flight diagrams of the wave magnetic field or energy density. In order to exclude wave spread as apparent damping, the wave magnetic energy density ͑B x 2 + B y 2 + B z 2 ͒ / 2 0 , shown in Fig. 1 , has been integrated over the transverse x -y cross section, normalized and displayed on a logarithmic scale versus z in Fig. 6 . The axial e-folding decay length is found to decrease from L =61 cm to L = 37 cm for identical experimental conditions as the coil current is raised from I =14 to 120 A.
Collisional damping is independent of wave amplitude and cannot explain this observation. In past experiments with stationary EMHD FRCs, we have interpreted the observed electron heating by anomalous resistivity due to currentdriven ion acoustic turbulence. 18 However, little evidence for ion sound turbulence is observed in the present case of propagating spheromaks. This may not be surprising since the current layer propagates fast compared to the growth of sound waves. Thus, a different collisionless heating process must be occurring. Figure 7 presents a schematic picture suggesting such a heating mechanism. As shown above, the current in a whistler spheromak flows predominantly in the toroidal null line. The poloidal magnetic flux is observed to decrease, hence there is a toroidal electric field E =−͑1 / 2r͒ ‫ץ‬ ⌽ pol / ‫ץ‬t. Thermal electrons move at approximately the same speed as the 
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Urrutia, Stenzel, and Strohmaier Phys. Plasmas 15, 042308 ͑2008͒ spheromak. If they enter the region of the toroidal electric field, they will be accelerated, gain energy, and contribute to the toroidal current. If they leave the acceleration region, they convect energy from the dissipation region, where E · J Ͼ 0. The transit time through the acceleration region may be considered an effective "collision frequency," but the concept of "resistivity" is not appropriate. Similar to a double layer, one cannot describe the ratio of E / J by a resistivity, although E · J is the dissipation of electrical energy that increases the particle kinetic energy. In the present case, the conversion of magnetic energy into electron kinetic energy also forms the essence of the magnetic reconnection problem. But, unlike partial energy conversion in X-point reconnection, we observe total field line annihilation at an O-point. The complete loss of the magnetic energy implies absence of electron flows or currents. Figure 7 also shows the orthogonal fields and currents in a whistler mirror or linear whistler mode, which do not produce dissipation in the absence of collisions.
D. Wave-wave interactions: Spheromak collisions
Understanding the interaction of two or more waves is an important aspect of nonlinear wave physics required to explain strong whistler turbulence. A basic study of wavewave interaction starts with the collision of oppositely propagating waves. Using two identical loop antennas and pulse circuits, the head-on collision between whistler spheromaks and mirrors has been studied. Two cases have been investigated: ͑i͒ a small antenna separation of ⌬z = 25 cm with the objective to collide the largest possible waves and ͑ii͒ a larger antenna separation of ⌬z = 50 cm, where the collision occurs with lesser influence of the antenna fields. Figure 8 shows four snapshots of field lines in the y − z plane ͑x =0͒ at different times indicated by the end of the inserted antenna current waveform. At the end of the first half-cycle ͓Fig. 8͑a͔͒, the induced electron currents flow near the antennas to produce two field-reversed configurations with a common outer separatrix and two inner separatrices touching at a toroidal null line in the midplane between the coils. The topology resembles that of a Helmholtz coil, 19 except that it is produced by plasma currents. As soon as the coil current reverses sign, each plasma current ring splits into two rings, which then move away from the antennas, as explained in Fig. 6 of Part I. 4 The outer current rings move Collision between whistler spheromaks generated by closely spaced loop antennas ͑⌬z Ӎ 25 cm͒. ͑a͒ Field lines just before spheromak emission which occurs after a half-cycle of sinusoidal antenna current ͑see inset͒, ͑b͒ at merging of the emitted inner spheromaks into a large FRC, ͑c͒ during the late decay of the FRC at one full cycle of the coil current, and ͑d͒ just after coil current reversal when two mirrors merge in the center between as two FRCs are imposed by the antennas.
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Nonlinear electron magnetohydrodynamics physics. II.… Phys. Plasmas 15, 042308 ͑2008͒ away while the inner ones merge into a single large current ring as shown in Fig. 8͑b͒ . The diameter of the merged current ring exceeds that of the exciting antennas ͑15 cm͒. It performs a small tilt to the right and left while slowly shrinking in radius. At the end of a full rf cycle of the antenna current waveform, a small FRC still exists, as shown in Fig.  8͑c͒ . The subsequent coil current reversal ͓Fig. 8͑d͔͒ imposes growing FRCs within each coil and the plasma responds by generating opposing mirror fields. At the time shown, the inner mirrors have merged into a single strong mirror between the coils. In the next half-cycle the mirror decays, the inner 3-D null points merge and change into the toroidal X-type null line shown in Fig. 8͑a͒ . This process is a time reversal of the topology changes described in Fig. 6 of Part I. 4 The properties of the FRC current ring have been further investigated. Figure 9 displays the radius of the current ring versus plasma current, i.e., r coil versus I plasma , at different times of the FRC growth and decay. It is evident that the radius of the current ring scales linearly with the induced current. The current ring follows the location of the toroidal magnetic null line whose radius increases with B plasma or plasma current. Since both the radius and the magnetic field decay, the flux within the current loop is not conserved. In fact, it is the flux decay or toroidal electric field which drives the toroidal current. It is interesting to note that the peak current density remains nearly constant during the decay whereas the integrated current decays.
Since the decay of the merged field structures occurs in the immediate vicinity of the coils, it is not clear whether the magnetic energy loss is due to dissipation or coupling back into the external antenna circuit. A more definitive answer is obtained by placing the two antennas far enough from the collision region ͑⌬z =50 cm͒. Figure 10 displays field lines of ͑B y , B z ͒͑0, y , z͒ at times ͑a͒ before and ͑b͒-͑d͒ during the merging of the two inward-propagating whistler spheromaks. Again, the counterhelicity merging produces an EMHD FRC, which does not propagate axially but shows a more pronounced oscillatory tilt in the y -z plane.
Previous 3-D measurements have revealed that the current ring performs a precessional motion whose projection into a plane appears as an oscillation. 20, 21 The present FRC 
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Urrutia, Stenzel, and Strohmaier Phys. Plasmas 15, 042308 ͑2008͒ magnetic torque, i.e., m ϫ B 0 , on the tilted current ring must be balanced by electric forces. The current ring differs from a rigid rotor by the fact that its angular momentum is dominated by the field rather than the electron mass, i.e., m e v eA, where A is the vector potential. The scale length is an order of magnitude larger than the electron inertial length; i.e., c / p . The current ring is not formed by an orbiting electron beam since the electron Larmor radius is smaller than the radius of the ring. Thus, its dynamics is governed by field convection and diffusion rather than analogs to mechanical objects or magnetohydrodynamic structures. The cause for a tilt could be a different propagation speed at different toroidal angles. Whistler spheromaks also precess while propagating along B 0 . It is worth noting that the tilt not only destroys the axial symmetry but also alters the basic field topology. For example, the toroidal null line of the FRC now possesses a toroidal magnetic field of opposite directions in each half of the torus, separated by two spiral null points, 22 where the formerly closed separatrix surface opens up and open field lines connect around the current ring. 23, 24 During the relaxation of the FRC, the radius shrinks proportionally to the total induced current, yet the current density decays insignificantly. The magnetic energy density is concentrated near the midplane and does not split into outward propagating pulses as in the case of a linear whistler vortex. 8 The magnetic energy dissipates locally within approximately half an rf cycle or ⌬t Ӎ 2.5 s, which is much faster than the decay of a linear whistler wave. The Coulomb collision frequency, which dominates neutral collisions in this Ramsauer gas at an electron temperature of 3 eV and density 10 12 cm −3 , is given by ei Ӎ 2.9 ϫ 10 −6 n ln͓͑kT e ͒ −3/2 ͔Ӎ5 ϫ 10 6 s −1 . The classical conductivity is ei = ne 2 / ͑m ei ͒Ӎ50 ͑⍀ cm͒ −1 . The classical diffusion time for a magnetic structure of scale length L Ӎ R coil = 7.5 cm is given by Ӎ 0 ei L 2 Ӎ 35 s. Thus, the field has lost an order of magnitude faster than predicted by classical diffusion. This topic will be investigated in more detail in Part III.
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E. Collisions: Spheromaks against mirror
By reversing the sign of one antenna current relative to the other, the collision between a whistler spheromak and a whistler mirror has been established. Since the spheromak field is stronger and more localized than the mirror field, no cancellation of the opposing B z,wave fields occurs. The spheromak propagates through the central core of the mirror and the mirror propagates over the outer parts of the spheromaks. The propagation delay of the spheromak from one antenna to the other is approximately one-quarter period. At the arrival time of the spheromak, the antenna current has established a strong FRC. The spheromak does not propagate through the rigid null point of the antenna FRC and decays in front of the antenna.
F. Co-linear wave propagation: Mirror running into spheromak
When nonlinear waves propagate in the same direction, they will also interact because of different propagation velocities. For example, a fast whistler mirror emitted after a slow whistler spheromak will eventually catch up and overtake the latter. This is visible in Fig. 1͑b͒ , where the second wave packet is a slow spheromak and the third is a fast mirror. The mirror runs into the stronger spheromak at z Ͻ −20 cm, and leads to an erosion of the mirror contours. There is not enough space in the measurement volume to determine whether the mirror would re-emerge ahead of the spheromak or be absorbed by the latter. A multitude of wavewave interactions occur in a turbulent wave field. By studying some basic wave-wave interactions such as the ones presented here it may be possible to better understand strong EMHD turbulence.
III. CONCLUSIONS
In summary, we have shown further experimental results on properties of large amplitude whistler modes excited by magnetic antennas. In particular, it has been found that whistlers with wave magnetic fields large compared to the ambient magnetic field still propagate along the guide field. The propagation speed depends on wave amplitude and topology. Whistler spheromaks are spatially contracted and have larger amplitudes than mirrors. Collisions of two counterpropagating, counterhelicity spheromaks produces a stationary FRC which dissipate anomalously fast. An inclined FRC precesses rather than increasing its tilt. 
